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Since the current evidence of its existence is revealed only through its gravitational influence, the way dark
matter couples to gravity must be then of primary importance. Here, unlike the standard model sector which
is typically coupled to metric, dark matter is supposed to couple only to spacetime affine connection through
a Z2-symmetry breaking term. We show that this structure leads to a coupling between dark matter, which is
considered scalar, and the standard model Higgs potential. This induces dark matter decays into standard model
particles through the Higgs which acts as a portal between the visible and the dark sectors. We study thoroughly
the resulting decay modes for various mass ranges, and provide relevant bounds on the nonminimal coupling to
affine gravity in line with observational data. Moreover, we find that the coupling to Higgs can be sufficiently
large to facilitate production of dark matter lighter than 10 GeV at future high energy colliders.
Introduction—The current standard model of cosmology
suggests that the dominant mass of the observable universe,
manifesting as a non-luminous matter, has an effects only
through its gravitational interactions [1]. This dark matter
(DM) tends to be a central component not only in explain-
ing rotation curves in the outer of galaxy halos as it has been
revealed for the first time [2], but also in the current view
of structure formation. In fact, strong observational evidence
shows that clusters of galaxies might be embedded in an im-
mense distribution of this invisible matter leading to the fact
that at early times, primordial seeds are gradually gathered
inside clumps of DM to finally form galaxies thanks to gravi-
tational instability [3]. Nonetheless, at the fundamental level,
postulating the existence of a new ingredient to account for
a missing mass in the observable universe requires a new
physics beyond the standard model (SM). In this respect, nei-
ther the nature of DM nor its properties is sufficiently known.
On the other hand, the lack of any mechanism by which DM
has been produced in the very early universe suggests that its
lifetime may exceed the age of the universe itself. To that
end, for general scenarios new symmetry is to be imposed that
guarantees DM stability and ensures a relevant long lifetime.
Models of DM are usually formulated in the framework of
field theory in flat spacetime which is sufficient and relevant
for studying its properties via scattering processes and de-
cays to SM particles. Nevertheless, one may have to consider
DM dynamics in curved spacetime as an essential requirement
since it acts only through its gravitational effects. This argu-
ment was considered recently where it has been shown that
DM could decay to SM particles, not through a prior inter-
actions with the latter, but only through nonminimal coupling
to gravity in terms of effective operators proportional to DM
field and suppressed by powers of Planck mass [4]. Since
both SM and DM are coupled to spacetime metric, the tran-
sition to Einstein frame (metric transformation) ensures that
DM decays to all SM particles with a tiny total decay rate
safeguarding a long lifetime. This mechanism is not restricted
to scalar DM but can be also realized for fermionic DM as
long as gravity is metrical [4].
The aim of this letter is to set up a novel way for the cou-
pling of DM to gravity and examine the possibility of its de-
cays through nonmiminal couplings within the new picture.
The standard model particles are known to be merely accom-
modated in curved background in a general covariant form,
structured by couplings to the spacetime metric that provide
a consistent interaction to gravity. In this work we will rather
investigate the possibility where DM interacts only with the
spacetime connection which is not related to the metric a pri-
ori. This novel way of coupling to gravity allows one to dis-
tinguish a possible viable scenario for DM which will simply
manifest as a scalar. In fact, fermions and vector fields which
are known to be intimately connected to the spacetime met-
ric in their familiar Lagrangians, can be hardly ever accom-
modated in purely affine spacetime. This also reflects the fact
that it is only the SM-Higgs (the only scalar) that can be easily
placed in this metricless background. We will show that a Z2-
breaking symmetry term which arises only through the affine
curvature as a nonminimal coupling of DM, induces decays
to only Higgs boson with decay rates suppressed by Planck
mass. We will study the different branching ratios of DM de-
cays and distinguish various interesting mass ranges for its
lifetime to be sufficiently longer than the age of the universe.
Affine gravitational dark matter—The SM action is writ-
ten in curved spacetime by imposing the equivalence princi-
ple where the flat spacetime metric is replaced by the curved
metric g, and reads
S =
∫
d4x
√
|g|
{M2Pl
2
gµνRµν(g) + L[g,SM]
}
(1)
where the first term refers to the Einstein-Hilbert action whilst
the SM Lagrangian takes the form
L[g,SM] =−gµν(DµH)†(DνH)− V (H)− iψ¯gµνγµ∇νψ
−1
4
gµνgαβF aµαF
a
νβ . (2)
This structure is known as the minimal coupling to gravity,
and it shows how the SM fields are tightly connected to the
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2spacetime metric. Likewise, there is no general symmetry that
prevents the presence of SM-curvature coupling terms [5].
On the other hand, it is known that the only current ev-
idence for the existence of DM is through its gravitational
effects, and hence knowing the way it couples to gravity is
crucial and essential by itself. In this regard, one may have
to go beyond the standard form (2) when DM is considered
in the first place. In this letter, we will propose a possible
extension of the SM by a Lagrangian density that represents
the DM sector. First, one has to notice that the familiar struc-
ture of the SM action stands on a specific picture of gravity,
the purely metric gravity, where all the geometric quantities
such as the connection and curvature are given in terms of the
metric. Therefore, spacetime geometry in this form is sub-
ject to strong restriction where it is considered Riemannian
from the beginning. However, the geometric aspect of gravity
pertaining to spacetime curvature does not impose a metri-
cal structure a priori. Thereby, one might rather reduce the
restrictions on the spacetime geometry. In other words, the
spacetime must be endowed not only with a metric tensor but
with also an affine connection as an independent field. This
provides us with both metric and affine parts when forming
Lagrangians of various physics models. In the following, we
simply assume that the SM sector retains its familiar coupling
to metric, but we propose that DM is accommodated by the
purely affine part of spacetime, which can be a natural way
for DM to be separate from the SM matter and gauge sectors.
The first step towards constructing a purely affine model of
DM is to examine the possibility of decoupling it from the
metric tensor. To that end, one may first place the DM field in
a generic metric-affine Lagrangian density where the metric is
non-dynamical so that it breaks up with DM smoothly. Here,
we demonstrate that while vector and fermionic fields stay in-
timately attached to metric, scalars in contrast break up easily
with it. To show this, one starts with the following toy model
L[I] =
√
|g|
{M2
2
gµνRµν(Γ)− 1
2
gµνXµν − U(I)
}
(3)
where Rµν is the Ricci curvature of the affine connection Γ
and U(I) is the potential of dark matter field I = φ, χ,A, re-
ferring to scalar, fermionic or vector dark matter respectively,
whereas its kinetic term is given in familiar form by
Xµν(I) =

∇µφ∇νφ for scalar DM
χ¯γµ∇νχ for fermionic DM
1
2g
αβFαµFβν for vector DM
(4)
It is clear that the above Lagrangian has the relevant form
of metric-affine gravity that leads to Einstein’s field equations
for every DM scenario listed above. Additionally, one clearly
notices the metric-dependence of the kinetic terms of the vec-
tor and fermionic DM, where in the latter it arises within the
covariant derivative through the vierbein field. In contrast,
the scalar DM kinetic part in (4) shows no dependence on the
metric. Now, in purely affine spacetime, forming an action for
DM requires a Lagrangian density free of metric. Therefore,
the next step is to decouple the DM field from the metric with
the aid of (3), thus integrating out the metric via the equa-
tions of motion of the DM field. It turns out that this becomes
possible only in the case of scalar dark matter, denoted by φ,
where it can be easily checked that the gravitational equations
arising from (3) lead to
gµν =
M2Rµν(Γ)−Xµν(φ)
U(φ)
. (5)
Integrating out the metric in this way ensures that scalar
DM can be reincorporated into (3) in a metricless form, en-
abling for a purely affine description. Hence, among various
fields, those enjoying a complete structure in purely affine
spacetime are scalars. Therefore, using (5), the metric now
is disentangled from DM leading to
L[Γ,DM] =
√|M2Rµν (Γ)−∇µφ∇νφ|
U(φ)
. (6)
which describes a scalar field coupled minimally to gravity
without metric, and it leads to Einstein’s field equations (pro-
viding M = MPl) where the connection tends to be (a poste-
riori) the Levi-Civita of the metric (5). We have to emphasize
here that the purely affine density (6) can be formed using
only general covariance instead of the previous derivation in
the presence of metric. In this case, the latter will be gener-
ated dynamically. This metricless model of scalar fields has
been examined recently in details in line with some cosmo-
logical applications [6]. Here and in the rest of the work, the
connection and the Ricci curvature are taken both symmetric.
It is necessary however to mention here that there have been
various but different attempts for general relativistic theories
of fermions and vector fields without referring to metric [7].
Dark matter decay through affine gravity portal—The aim
of the following part is to study the decays of the scalar DM
through gravity portals arising from nonminimal couplings to
gravity. For that, we will assume that DM remains stable
due to global symmetry which can be broken explicitly by
the presence of nonminimal coupling terms. However, unlike
metric gravity case (see [4] for details), this nonminimal inter-
action must come out only from the affine part since it is the
only part that contains DM.
Nevertheless, the fact remains that these gravity portals will
not induce DM decays to the SM particles if the two sectors
remain fully separate. Indeed, any transformations (in terms
of only dark matter) of the affine connection or curvature that
arise within (6) does not affect the SM Lagrangian. To that
end, the possibility of tying-in the two sectors must be per-
ceived in accord with the above requirements. As argued pre-
viously, the form of the affine Lagrangian supports only scalar
fields, and if to be extended by the SM sector, then only scalar
parts of the latter can be easily accommodated. It is clear
that (6) would lead to the same equations of motion for the
Higgs boson which is the sole scalar field in the SM sector,
yet the kinetic terms of the Higgs field contains gauge bosons
(vector fields) that are not easily supported here. Thereby, the
most relevant way where the SM is linked to DM sector in
3the present scenario is to incorporate the Higgs potential into
the affine gravity part. Thus, the previous Lagrangian can be
extended to
L[Γ,DM] =
√|M2Rµν (Γ)−∇µφ∇νφ+ ξMφRµν (Γ)|
V (φ,H)
(7)
where ξ is a dimensionless constant, and V (φ,H) is the ex-
tended potential
V (φ,H) ⊃ U(φ) +m2HH†H + λH(H†H)2. (8)
The expression (7) describes a DM nonminimally coupled
to gravity through a linear term in the Ricci curvature of the
affine connection that represents the simplest first order Z2-
symmetry breaking term, and improved by the Higgs poten-
tial as a relevant scalar. It is remarkable that this structure does
not allow a priori for what is known as Weyl (or conformal)
transformation by which one switches between conforomal
frames. Therefore, an important feature of this structure is that
the transition to minimal coupling case (6) in which the DM-
curvature interaction term disappears, is realised here without
applying any metric transformation. In fact, Lagrangian (7) is
simply equivalent to
L[Γ,DM] =
√|M2Rµν (Γ)−α−1(φ)∇µφ∇νφ|
α−2(φ)V (φ,H)
(9)
where for ease of writing we have introduced a dimension-
less parameter α(φ) = 1 + ξφ/M . As a result, the first order
Z2-symmetry breaking term induces DM decays to SM-Higgs
through the induced interactions α−2(φ)V (φ,H) even in the
absence of any explicit interaction of DM with SM particles
as it is clear from (8). The interactions are, however, a direct
effects of the nonminimal coupling to affine gravity when the
latter is recast in a canonical form. One then notices that de-
pending on the DM mass, various decays into SM particles
arise through Higgs boson.
The decay channels can be categorised as: φ → hh,
φ → hh∗ → hff¯ , fV V, hhh, and φ → h∗h∗ →
V V V V, V V ff¯ , V V hh, f f¯f ′f¯ ′, f f¯hh, hhhh, where h being
the SM Higgs boson, V = W±/Z, and f for SM-fermions,
and the decay rates are suppressed by the factor ξ2/M2. How-
ever, besides the Higgs boson, DM does not decay directly to
all SM particles as in the case of metric gravity when per-
forming Weyl transformaton [4]. As illustrated in Fig.1, one
distinguishes three relevant DM mass ranges associated to the
allowed decays:
• mφ ∼ 10−3 − 125 GeV, in which the decay of DM is
dominated by 4 light fermions.
• mφ ∼ 125 − 250 GeV, where the DM decays predom-
inantly into an on-shell Higgs boson and pair of light
fermions.
• mφ ∼ 250− 106 GeV, where there are three competing
decay channels φ → hh with BR ∼ 100% for mφ ≤
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FIG. 1. Decay branching ratios of φ as function ofmφ. Here, f refers
to q, ` and V refers toW±/Z. All these decays proceed through one
or two Higgs bosons, i.e. φ → qq¯qq¯ ≡ φ → h∗(→ qq¯)h∗(→ qq¯)
(see the text for more details).
104 GeV, and φ → 4h (φ → 4V ) whose branching
fractions can reach up to 70% (30%) for mφ ∼ 106
GeV.
The tiny decay rates resulting from the factor M−2Pl implies
a large lifetime for DM. There are several lower bounds on
the DM lifetime, denoted here by τφ, from Fermi-LAT and
AMS02 data [8–10]. These searches imply a mass-dependent
bound on τφ which cannot be applied to our scenario since
all the decay channels of DM generate, at least, four parti-
cles in the final state. A more comprehensive bounds require
a systematic analysis of various astrophysical data while tak-
ing into account all the possible decay chains of the interme-
diate resonances (such as W/Z/h-bosons, and top quarks),
parton showering, hadronisation and hadron decays, in addi-
tion to the possible uncertainties which may affect those rates
[11, 12]. This study is beyond the scope of this paper and
will be done in a future work. We will take, however, a very
conservative bound obtained from ν-telescopes (τ > 1024
seconds). The dominance of the fermionic decay channels
through the Higgs boson has very important consequences in
our scenario especially for mφ < 10 GeV. The rationale for
this is that the decay rates of DM get a suppression of or-
der y4f (with yf being the Yukawa coupling of the fermions
to the SM-Higgs boson). This implies that the constraint on
the parameter ξ is very relaxed. In the heavy mass region,
mφ ∼ 250 − 106 GeV, the width becomes extremely large
and therefore, one requires a very small coupling ξ 6 10−12,
in order to be consistent with the existing bound. This find-
ing can be clearly observed in Fig. 2 where τφ is depicted in
terms of the DM mass. We note that the scenario of light DM
and relatively large couplings can be tested in current and fu-
ture colliders in processes involving SM Higgs bosons such as
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FIG. 2. DM lifetime τφ computed from the inverse of the total decay
width as a function of the DM mass mφ for different values of ξ,
with M = MPl. The horizontal black line shows the conservative
upper bound on the DM lifetime from ν-telescope experiments [13].
pp→ h∗(→ φh)Z/W±.
Separable dark matter and standard model sectors—In this
last part of the letter, we present briefly a general theoretical
framework where both SM and DM sectors take place in the
gravitational dynamics in a complete picture. Given a separa-
ble Lagrangians of the SM (coupled to metric) and DM (cou-
pled to connection), one is able to construct a novel gravita-
tional action principle including both sectors. In action (1) the
spacetime curvature is merely considered to be purely metric,
however, in general this constraint must be lifted and one ends
up with only one spacetime curvature where its connection is
not metrical from scratch. Herein, the total action describing
the complete sector is written as
S=
∫
d4x
√
|g|
{M2Pl
2
gµνRµν(Γ) + L[g,SM]
}
+
∫
d4xL[Γ,DM], (10)
where the Lagrangian densities of the SM and DM are given
by their expressions (2) and (6) respectively.
Consequently, variation with respect to metric leads to the
gravitational field equations in which stress-energy is sourced
only by the SM fields
M2PlRµν(Γ) = T
(SM)
µν −
1
2
gµνg
αβT
(SM)
αβ (11)
whilst the DM appears via the dynamics of the affine connec-
tion arising from variation with respect to the connection itself
∇λ
(√
|g| gµν + M
2
M2Pl
√|K (Γ, φ)|
U(φ)
(
K−1
)µν)
= 0 (12)
where
Kµν (Γ, φ) = M
2Rµν (Γ)−∇µφ∇νφ. (13)
This means that the presence of DM action breaks the (met-
ric) compatibility, and the solution of the last equation will
bring the DM to the gravitational equations (11) through the
resulting Ricci curvature. Like in generalized Palatini theories
of gravity, the presence of the Ricci curvature in the second
term of (12) shows that this dynamical equation is not linear
in the connection [14]. Nevertheless, one can use the gravita-
tional field equations (11) to finally write the tensor field (13)
in terms of matter only. Therefore, the previous equation be-
comes algebric equation that can be solved for the connection
in terms of the matter sector. In fact, the connection is now
the Levi-Civita of the tensor h (an auxiliary metric) written in
a matrix form as
hˆ =
(√
detPˆ
)
Pˆ−1 gˆ, (14)
where the matrix Pˆ includes the matter fields
Pˆ = Iˆ +
M2
M2PlU(φ)
√|K|√|g| Kˆ. (15)
Thus, the spacetime connection (coupled to DM) is solved
explicitly in terms of the physical metric g and matter sources
described by both DM and SM fields. Interestingly, DM
plays now a major role in determining the spacetime geome-
try which was not considered Riemannian a priori. Therefore,
one can proceed with cosmological dynamics arising from this
modified gravity by considering different matter fields or cos-
mological fluids [15].
Conclusion—In this letter, we have investigated the possi-
bility where unlike ordinary matter, dark matter interacts to
gravity through only the affine connection of spacetime, and
decays to the standard model Higgs via a nonminimal cou-
pling to gravity. Such interaction, which is linear in the dark
matter field and the Ricci curvature, and hence breaks the Z2-
symmetry, is generally permitted in curved spacetime. The
setup is fairly predictive in various levels: (a) dark matter
can manifest simply as a scalar since scalars can fully de-
couple from metric but stay coupled to affine connection in
the present framework, and (b) the induced decays occur only
through the SM Higgs with tiny decay rates especially for
light dark matter implying relaxed constraints on the nonmin-
imal coupling parameter as ξ ≤ 1012 for mφ ≤ 10 GeV
—which can be tested at current and future collider experi-
ments, whereas for super-heavy dark matter (i.e. mφ ≥ 10
TeV), it requires small values ξ ≤ 10−10.
The dark matter decay scenario we have presented here is
fully gravitational and it stands on a different formulation of
gravity. Indeed, it is not only metric, but spacetime connec-
tion plays also an important role in the gravitational couplings.
It is thus assumed that dark matter may couple only to this
metric-independent field. Last but not least, although we find
that scalar singlets are the most viable candidate for dark mat-
ter in this context, the fact remains however that the present
5framework can be realised for femionic and vector dark mat-
ter when a complete theory of affine gravity assembling all
matter fields is determined.
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